New isotope data obtained from relatively conformable, carbonate-rich strata of the Ediacaran Yangtze platform in South China reveal substantial δ 13 C variability. In platform sections, four negative δ 13 C anomalies with a nadir down to ≤− 8‰ (PDB) are present in the interval between the cap carbonate level (∼ 635 Ma) and the Precambrian/Cambrian boundary (∼ 542 Ma), while in slope and basinal sections, δ 13 C values are negative through the entire Doushantuo Formation (∼635-551 Ma). If these δ 13 C values are close to their primary seawater signature, they imply a strong (≥ 10‰) surface-to-deep ocean δ 13 C gradient that is consistent with long-term deep ocean anoxia and the presence of a large dissolved organic carbon (DOC) reservoir. The two prominent negative δ 13 C excursions within the Doushantuo Formation above the cap carbonate level are associated with shoaling and local exposure of the platform. The anomalies may thus record remineralization of a large oceanic DOC pool via sulfate reduction that transferred 13 C-depleted carbon from the oceanic DOC reservoir to the surface ocean during regression. Inconsistencies in Ediacaran δ 13 C profiles globally and variations in South China in particular highlight the need for further evaluation of local departures in δ 13 C from an inferred average seawater signature.
Introduction
Recent carbon isotope studies of Ediacaran successions (∼ 635-542 Ma) reveal unusually negative δ 13 C anomalies with magnitudes from ≥ +5‰ down to Earth and Planetary Science Letters 261 (2007) 303 -320 www.elsevier.com/locate/epsl ≤−12‰ (e.g., Calver, 2000; Corsetti and Kaufman, 2003; Halverson et al., 2005; Melezhik et al., 2005; Fike et al., 2006; Le Guerroue et al., 2006; Kaufman et al., 2006 Kaufman et al., , 2007 . Although the age, number, magnitude and global correlation of these prominent δ 13 C anomalies remain controversial, they have been interpreted as recording unusual oceanographic events that may have been critical for the evolution of early animal life (e.g., Fike et al., 2006) .
A particular point related to these δ 13 C anomalies is the implication for long-term ocean stratification and a large surface-to-deep ocean δ 13 C gradient. If large Age data, from oldest to youngest, are cited from Yin et al. (2003) , Ma et al. (1984) , Zhou et al. (2004) , and Condon et al. (2005) . Asterisks indicate stratigraphic markers used for regional correlation across the Yangtze platform.
Ediacaran negative δ 13 C anomalies (≤−12‰) reflect ocean chemistry, they are incompatible with mantlederived CO 2 as the carbon source (e.g., the 'snowball' Earth hypothesis; Hoffman et al., 1998; Hoffman and Schrag, 2002) . The apparently long duration (millions of years; Fike et al., 2006; Le Guerroue et al., 2006) of these anomalies also challenges interpretations related to methane hydrate destabilization (Kennedy et al., 2001; Jiang et al., 2003a Jiang et al., , 2006a or upwelling and mixing of 13 C-depleted deep-ocean seawater during deglaciation (e.g., Kaufman et al., 1991; Grotzinger and Knoll, 1995; Knoll et al., 1996; Shields, 2005) . One possible, yet not adequately tested model is the remineralization of a large dissolved organic carbon (DOC) reservoir stored in the ocean (Rothman et al., 2003; Fike et al., 2006) . Considering the lack of zooplankton fecal pellets and siliceous skeletons in the Precambrian (e.g., Logan et al., 1995) , organic matter would have a much longer residence time in the ocean water column and a larger DOC reservoir (10 to 100 times of the modern ocean; Rothman et al., 2003) would be expected. However, a large oceanic DOC reservoir, if it existed, would require significant deep ocean anoxia or euxinia to retard DOC oxidation. Sulfate concentration documented from Ediacaran shallow-water carbonates (e.g., Shields et al., 2004; Goldberg et al., 2005; Hurtgen et al., 2005) suggests that at least episodically the surface ocean SO 4 2− may have reached near to modern levels (∼ 28 mM). Elevated sulfate abundances in an anoxic, DOC-rich ocean would have promoted water column sulfate reduction and the plausible development of a strong depth gradient in carbon isotope compositions. Documentation of such a gradient for the Ediacaran Period has been difficult owing to the preferential preservation of platform deposits relative to those in slope and basinal facies. In South China, preservation of both shallow and deep water environments of this age provides us with an opportunity to test these hypotheses and to examine δ 13 C variability in a platform-to-basin transect.
Preliminary isotope studies from the Ediacaran Yangtze platform in South China have been published in various forms (Lambert et al., 1987; Li et al., 1999a; Yang et al., 1999; Shen and Schidlowski, 2000; Shen, 2002; Wang et al., 2002a,b; Chu et al., 2003; Jiang et al., 2003a; Condon et al., 2005; Zhang et al., 2005; Guo et al., 2006; see Zhou and Xiao, 2007 , for a review). Yet none of these studies was conducted at high resolution and there were no systematic comparisons between platform and basinal sections. Here we report high resolution carbon isotope data obtained from multiple sections across the Ediacaran Yangtze platform and discuss implications and uncertainties for the origin of the negative Ediacaran δ 13 C anomalies.
The Ediacaran Yangtze platform
The Ediacaran Yangtze platform ( Fig. 1 ) developed over a Neoproterozoic rifted continental margin that is inferred to have initiated along the southeastern side of the Yangtze block at ∼800 Ma (Li et al., 1999b; Wang and Li, 2003; Jiang et al., 2003b Jiang et al., , 2006a . A passive margin setting has been inferred for post-glacial Ediacaran carbonate rocks (Jiang et al., 2003b; Wang and Li, 2003) , although with unresolved questions about the timing of the rift to post-rift transition and an apparent increase in the rate of tectonic subsidence at ∼ 550 Ma (Condon et al., 2005; Zhang et al., 2005) .
The Neoproterozoic succession of the Yangtze platform is composed of three main intervals ( Fig. 1C): (1) pre-glacial siliciclastic rocks assigned to the Liantuo Formation in the platform and Banxi Group in the basin, (2) two Cryogenian glacial diamictite intervals (Gucheng/Tiesi'ao/Chang'an formations and Nantuo Formation) separated by a manganese-bearing siltstone/shale unit (Datangpo/Xiangmeng formations), and (3) post-glacial Ediacaran marine carbonates and shales assigned to the Doushantuo and Dengying/ Liuchapo formations. Compared to their global equivalents, these strata have among the best age constraints, especially for the Ediacaran Period. Important U-Pb zircon ages (Fig. 1C) include (1) 748 ± 12 Ma (Ma et al., 1984) and 758 ± 23 Ma (Yin et al., 2003) from the upper Liantuo Formation and Banxi Group, respectively, (2) 663 ± 4 Ma from the interglacial Datangpo Formation , (3) 635.2 ± 0.6 Ma and 632.5 ± 0.5 Ma within and above the cap carbonate (Condon et al., 2005) , (4) 551.1 ± 0.7 Ma near the Doushantuo/ Dengying boundary (Condon et al., 2005; Zhang et al., 2005) , and (5) an inferred ∼ 542 Ma age for the Precambrian/Cambrian boundary on the basis of small shelly fossils, a 538.2 ± 1.5 Ma age above the boundary (Jenkins et al., 2002) , and a comparison with biozones and dating of the boundary in other successions globally Amthor et al., 2003) .
In addition, the Ediacaran interval in the Yangtze platform contains the most fossiliferous strata of its age (Fig. 2) . Abundant multicellular algae and large processbearing acanthomorph acritarchs have been reported from the Doushantuo Formation in the Yangtze Gorges area (e.g., Zhang et al., 1998; Xiao et al., 2002; Xiao, 2004; . A few taxa of acanthomorphic acritarchs make their first appearance just meters above the basal Doushantuo cap carbonate (Xiao, 2004; . Possible animal embryos and microscopic animals were also reported (Yin et al., 2007) , especially in the upper Doushantuo Formation at Weng'an . In the black shale unit near the Doushantuo/Dengying boundary, abundant and diverse macroscopic carbonaceous compression fossils have been reported; a few of them have been interpreted as non-bilaterian animals or tubular organisms (Xiao et al., 2002) . Classic Ediacara assemblage fossils, macroscopic bilaterians represented by trace fossils, and biomineralizing animals such as Sinotubulites and Cloudina are reported from the Dengying Formation and its regional equivalents (Hua et al., 2005; Xiao et al., 2005) .
Three well defined markers (Fig. 1C) , the basal Doushantuo cap carbonate (∼ 635 Ma), the organic-rich (TOC locally N 10%) black shale at Doushantuo/ Dengying boundary (∼ 551 Ma), and phosphoritebearing black shale at the Precambrian/Cambrian boundary (∼542 Ma), are traceable from the platform to the basin (Jiang et al., 2006a,b) . These markers serve as important tie-points for correlation between sections, except in the Weng'an area where the shale at the Doushantuo/Dengying contact is missing at a karstic unconformity.
Our paleogeographic reconstruction of the southeastfacing Ediacaran Yangtze platform (Fig. 1B) is based on the following evidence: (1) glaciogenic diamictite units underlying the Doushantuo cap carbonate thicken in that direction (Jiang et al., 2003b (Jiang et al., , 2006a , from b 100 m in the shelf to N1500 m in the basin; (2) the post-glacial carbonate-rich strata are characterized by a platform edge characterized by an intraclastic-oolitic and stromatolite-rich shoal complex (cf. Jiang et al., 2003c ) that thins basinward and changes facies into lagoonal deposits of the platform interior (Jiang et al., 2003b) , and (3) slump blocks, debris-flow breccias and turbidites are abundant in the slope facies south of the inferred platform margin (Jiang et al., 2003b (Jiang et al., , 2006a .
Isotope data from the Ediacaran Yangtze platform
For this study, 607 samples were collected from four measured sections, two located on the platform near Yichang, one on the slope, and one in the basin (Fig. 1A and B). After petrographic characterization, 0.5-5 mg of powder was drilled from the finest-grained portion of each sample (e.g., Kaufman and Knoll, 1995) . Isotope analyses were done at the Stable Isotope Lab at the University of Colorado, Boulder, the University of Maryland Geochemical Laboratories, and the University of California, Riverside. Results are reported using the standard δ-notation compared to PDB. Precision of internal standards (n = 62) for both δ 13 C and δ 18 O is better than 0.1‰. Seven carefully chosen pure limestone samples were analyzed for 87 Sr/ 86 Sr ratios. About 2 mg of powdered sample was pre-leached with 0.5 M ammonium hydroxide (pH ∼ 8.2) and dissolved in 0.5 M ultrapure acetic acid. Strontium was separated from the solutions with Sr Spec resin and then loaded with TaO on degassed Re filaments for isotopic analysis on the VG Sector 54 thermal ionization mass spectrometer at the University of Maryland Geochemical Laboratories. The average of the NBS 987 standards (n = 4) run during the two analytical sessions was 0.710242 ± 0.000011.
Platform sections
Isotope data from the most complete section in the Yangtze Gorges area (loc. 1 in Fig. 1A and B; Table A1 ) reveal four prominent negative δ 13 C anomalies: at the Doushantuo cap carbonate level as well as in the middle and upper Doushantuo Formation, and at the Precambrian-Cambrian boundary (N1 through N4 in Fig. 2 ). Most δ 13 C values for the 5-m-thick cap carbonate (N1) are from − 2 to − 6‰, but extremely negative δ 13 C values as low as − 36‰ were obtained from cements in cavities and fracture fills (Table A1 ). Within 20 m above the cap carbonate, δ 13 C values are highly variable, ranging from + 4 to − 4‰ at meter scales. The likelihood that these bed-to-bed variations are primary is not high; we thus interpret many of these samples as diagenetically altered (cf. Kaufman and Knoll, 1995; Jiang et al., 2003a) . Above an interval with positive δ 13 C values (+ 1 to + 6‰) from 20 m to 75 m, a negative δ 13 C anomaly (N2) with a nadir down to − 9‰ encompasses a 15-mthick interval from 75 m to 90 m. δ 13 C values rise abruptly between 90 m and 100 m from near 0 to +4‰, and then decrease again into a 50-m-thick interval in the uppermost Doushantuo Formation with persistently Fig. 2 . Carbon, strontium, and oxygen isotope data for the Ediacaran Doushantuo and Dengying formations measured from Jiunongwan-Shipai section in the Yangtze Gorge area (loc. 1 in Fig. 1A and B). Fossil contents are summarized from Zhang et al. (1998) , Xiao et al. (2002) , Xiao (2004) , Xiao et al. (2005) , , and . U-Pb ages in bold font are from Condon et al. (2005) , except the PrecambrianCambrian boundary, which is inferred from comparison of fossil contents with other successions in Namibia and Oman (Amthor et al., 2003) , and the age of 538.2 ± 1.5 Ma from the Lower Cambrian Meishucun section in Yunnan Province, South China (Jenkins et al., 2002) . Inferred ages with question markers are interpolated from available age data (see Table A1 for details). Notice the change of scale in stratigraphic column at 200 m. negative δ 13 C values from − 7 to − 9‰ (N3). Persistently positive δ 13 C values from + 2 to + 5‰ characterize the 550-m-thick Dengying Formation, with values as high as +6‰ a few meters above the Doushantuo/ Dengying boundary (∼ 551 Ma), and a transition down to − 3‰ at the Precambrian-Cambrian boundary (N4).
The three negative δ 13 C anomalies (N1-N3) from the Doushantuo Formation are found in both platform sections ( Fig. 3 ; Table A1 ), which are 6 km apart. The considerable isotopic variability in the cap lithofacies, with δ 13 C values as low as −41‰, is consistent with previous reports from the succession (Jiang et al., 2006a,b) . The stratigraphic interval encompassed by the middle (N2) and upper (N3) Doushantuo negative anomalies varies slightly, but the overall pattern of fall and rise is similar. In both sections, δ 18 O values are variable, ranging from 0 to − 10‰, and down to − 15‰ for some samples of the cap carbonate ( Fig. 4A and B) . They also broadly covary with carbon isotopes, especially at the N2 level. Because oxygen is a major component of sedimentary Fig. 3 . Integrated sedimentological and carbon and oxygen isotope profiles of the Doushantuo Formation from two platform sections (loc. 1 and 2 in Fig. 1A and B). Notice that negative δ 13 C anomalies (N2 and N3) are largely below a flooding surface.
fluids, the likelihood that these δ 18 O values record a primary seawater signature is low (cf. Banner and Hanson, 1990; Kaufman and Knoll, 1995) .
Strontium isotopes (Table A2 ) from the lower and middle Doushantuo Formation range from 0.7078 to 0.7083, rising to 0.7084 in the uppermost Doushantuo Formation (at the top of N3), and to 0.7085 in the middle Dengying Formation (Fig. 2) . Absolute 87 Sr/ 86 Sr values and the upward-increasing trend are consistent with those obtained by Yang et al. (1999) from the Yangtze Gorge area and are in agreement with the overall trend obtained from other Ediacaran successions (e.g., Derry et al., 1992; Kaufman et al., 1993 Kaufman et al., , 1997 Jacobsen and Kaufman, 1999) .
Sedimentological and petrographic analyses indicate that no major unconformity is present within the Doushantuo Formation in either section. However, two large-scale deep subtidal to shallow subtidal cycles are recognized (Fig. 3) . The top of each cycle is marked by an abrupt lithofacies change from carbonate-rich facies (grainstone and packstone) to pyrite-rich black shale with minor carbonate. Considering their regional persistence, the abrupt lithofacies changes are interpreted as major flooding surfaces (Jiang et al., 2003b) . Deep subtidal facies are characterized by interbedded shale, siltstone and micritic carbonates, with minor intraclastic or peloidal packstone and wackestone interbeds. The absence of grainstone and cross-stratification and presence of abundant parallel lamination and normal grading suggest deposition below fairweather wave base, and in part from storm-generated turbidity currents. Shallow subtidal facies are interpreted on the basis of intraclastic or peloidal grainstone and scoured bases. The N2 and N3 negative δ 13 C anomalies reach minimum values within shoaling facies below flooding surfaces and return to positive values above flooding surfaces.
Given consistent lithology, conformability and U-Pb ages of 635.2 ± 0.6 Ma, 632.5 ± 0.5 Ma, and 551.1 ± 0.7 Ma from the base and top of the Doushantuo Formation (Condon et al., 2005) , a simple age interpolation (cf. Saylor et al., 1998; Halverson et al., 2005) suggests that the two post-cap carbonate negative δ 13 C anomalies correspond approximately with the spans ∼ 595-587 Ma and ∼ 575-550 Ma, respectively ( Fig. 2 ; Table A1 ). We recognize the inherent uncertainties in such estimates related to variations in depositional rate, paleobathymetry, and compaction. However, we suspect that the two anomalies encompass spans of time greater than the b 10 5 years that has been estimated for the cap carbonates (Hoffman et al., 1998; Kennedy et al., 2001; Shields, 2005) .
Slope and basinal sections
In the slope section (Fig. 5A ), δ 13 C values from the cap carbonate range from − 2 to − 5‰, similar to the range obtained from the dolomicrite/microcrystalline dolomite samples from the same cap carbonate in the platform sections (Fig. 3) . In contrast to those sections, however, negative δ 13 C values continue upwards through the entire Doushantuo Formation, with a nadir down to − 14‰. Negative δ 13 C values return to positive (∼ +2‰) immediately above the Doushantuo/Liuchapo boundary, where a 3.5-m-thick, pyrite-rich, high-TOC black shale has been traditionally considered as the equivalent to the black shale unit in the platform (Figs. 2  and 3 ). In the middle of the Doushantuo Formation, samples from two breccia layers (carbonate debris flows) reveal different δ 13 C values in matrix, isopachous cement and breccia clast samples. δ 13 C values in breccia clasts range from −0.7 to − 1.2‰, while isopachous cements and micritic matrix range from − 7 to − 9‰. The ∼7‰ difference between clasts and cement may reflect isotopic differences between the source of the breccias (the platform margin to upper slope) and the site of deposition (lower slope), although further work is needed to test this interpretation.
In the basinal section (Fig. 5B) , cap carbonate samples have δ 13 C values between − 3 and − 8‰. Negative δ 13 C values continue through the entire Doushantuo Formation, ranging from − 2 to − 5.5‰ for the lower Doushantuo Formation, from − 5.5 to − 12‰ in the middle of that unit, and from − 11 to − 13‰ upsection across the Doushantuo/Liuchapo boundary. The lowest values (− 14‰) are observed in lenticular limestone beds (and concretions) of the Lichapo Formation. Absolute δ 18 O values from both slope and basinal sections are relatively stable, mostly ranging from −4 to −10‰, but samples from the cap carbonate have highly depleted δ
18 O values down to −15‰ ( Fig. 4C and D) . No obvious covariation between δ 13 C and δ 18 O is observed for the slope section (Fig. 4C) . For the basinal section, a Fig. 1A and B) . See Fig. 3 for an explanation of symbols. clear δ 13 C-δ 18 O covariation for the cap carbonate samples is observed (Fig. 4B) , but a narrow δ 18 O range (−4 to −8‰) is recorded in the remaining samples.
Using the cap carbonate and black shale units at the Doushantuo/Dengying boundary as markers, the carbon isotope profiles can be correlated from the platform to the basin (Fig. 6) . The phosphorite-bearing black shale that contains Early Cambrian fossils also supports this correlation.
Chemostratigraphic and paleoceanographic implications
4.1. A potential reference δ 13 C record for the Ediacaran Period
If δ
13 C values from the platform sections are close to their primary signature, as many have argued for the Neoproterozoic succession in South China (e.g., Yang et al., 1999; Wang et al., 2002a) and other successions globally (e.g., Kaufman et al., 1991; Kaufman and Knoll, 1995; Corsetti and Kaufman, 2003; Halverson et al., 2005; Le Guerroue et al., 2006) , the relatively conformable and carbonate-rich strata of the Doushantuo and Dengying formations may provide the most complete and best-dated δ 13 C record and thus holds the potential to be a reference section for the Ediacaran Period (Figs. 2 and 7A ). From the cap carbonate level (∼635 Ma) to the Precambrian/ Cambrian boundary (∼542 Ma), four negative δ 13 C anomalies (N1 through N4) are noted, each with a nadir down to ≤−8‰ (see Zhou et al., 1997; Shen and Schidlowski, 2000 ; for additional data points at the Precambrian/Cambrian boundary). The ages of anomalies at the cap carbonate level (N1; ∼635 Ma), the Doushantuo/ Dengying boundary (N2; ∼551 Ma), and the Precambrian/ Cambrian boundary (N4; ∼542 Ma) are well constrained. The age of the δ 13 C excursion in the middle of the Doushantuo Formation (N2) is less certain, but likely ∼ 595 Ma (Fig. 2 , Table A1 ). The δ 13 C record of the 550-m-thick Dengying Formation (∼ 551 Ma to ∼ 542 Ma) is very stable, with δ 13 C values from +2‰ to + 5‰ and an average close to +3‰. (Jiang et al., 2002; Kaufman et al., 2006) , (C) eastern California of western US Kaufman, 2003, 2005; Kaufman et al., 2007) , (D) northern and southern Namibia Saylor et al., 1998; Halverson et al., 2005) , (E) Oman (Fike et al., 2006; Le Guerroue et al., 2006) , and (F) the Adelaide rift complex of southern Australia (Christie-Blick et al., 1995; Calver, 2000; Grey, 2005) .
Sea-level changes and δ 13 C anomalies
Integrated sedimentological and isotope analyses of the platform sections (Fig. 3) indicate that negative δ 13 C anomalies (N2 and N3) encompass abrupt regional stratigraphic discontinuities interpreted as flooding surfaces, with the most negative δ 13 C values below each flooding surface, and a return to positive values in overlying deeper-water deposits. A similar pattern has been observed at the Krol C/Krol B transition in northern India ( Fig. 7B ; Jiang et al., 2002; Kaufman et al., 2006) , potentially at the top of the Rainstorm Member of the Johnnie Formation in California ( Fig. 7C ; Corsetti and Kaufman, 2003; Kaufman et al., 2007) , at the top of the Dabis and basal Zaris formations in southern Namibia ( Fig. 7D ; Kaufman et al., 1991; Saylor et al., 1998) , and from the pre-Cryogenian Chuar Group in the Grand Canyon of the western U.S. (Dehler et al., 2005) . Although correlation between these successions is still problematic, it is possible that the observed pattern is a general if not universal one in Ediacaran strata. This is inconsistent with the view from both Marinoan and Sturtian aged cap carbonates where strongly negative δ 13 C anomalies are associated with upwelling during transgression (e.g., Grotzinger and Knoll, 1995; Knoll et al., 1996) .
A potential Ediacaran surface-to-deep ocean δ 13 C gradient
If our isotope data record close to primary seawater or syndepositional diagenetic signatures, marked differences between the platform, slope and basinal sections (Fig. 6 ) support the view of a large Ediacaran surface-to-deep ocean δ 13 C gradient. Recognizing potential diagenetic overprints for δ 13 C values ≤−10‰ (cf., Calver, 2000; Melezhik et al., 2005) , we choose the δ 13 C values of −7‰ to −9‰ from isopachous cements surrounding breccias in the slope section (Figs. 4C and 5A ) as an approximation of the δ 13 C signature for deep slope and basinal settings, which is consistent with the average δ 13 C value of all samples from these facies. In this case, a ≥10‰ surfaceto-deep ocean δ 13 C gradient can be inferred during times of positive δ 13 C values in the platform. We recognize that bed-to-bed scale correlation is not possible between sections, however, it is clear that positive δ 13 C values (up to +6‰) above the cap carbonate in platform sections contrast with negative values (down to b−4‰) above the same cap carbonate in the basin, providing a first-order time-stratigraphic approximation (Fig. 6) .
A large (≥ 10‰) δ 13 C gradient could have been maintained if the deep ocean was anoxic, rich in dissolved organic carbon (DOC), and sulfate was available from continental sources. Remineralization of DOC through sulfate reduction produces bicarbonate (SO 4 2− + 2CH 2 O → H 2 S + 2HCO 3 − ), which may result in deep basin carbonate precipitation as carbonate crusts, thin cement films captured by falling particles in the water column, or cements during early diagenesis (Fig. 8A) .
Such conditions are readily satisfied in restricted basins where a permanent chemocline separates oxic surface water from anoxic deep water. In the Black Sea, an up to 7‰ surface-to-deep water δ 13 C gradient has been documented (e.g., Deuser, 1970; Volkov, 2000) , and in Framvaren Fjord of southern Norway, bottom water inorganic δ 13 C values are as low as − 19.5‰ (Figs. 3 and 6 ). (Volkov, 2000) . A difference of up to 10 to 14‰ in δ 13 C between shallow and deep-water carbonates has also been inferred for the Wonoka δ 13 C anomaly in Australia (Calver, 2000) and from isolated Neoproterozoic sections in the Quruqtagh region of northwestern China 
The origin of the Ediacaran δ 13 C excursions
The origin of the negative δ 13 C anomaly associated with the cap carbonate has been debated at length, with several competing interpretations. These include the snowball Earth hypothesis (Hoffman et al., 1998; Hoffman and Schrag, 2002) , the upwelling hypothesis (Kaufman et al., 1991; Grotzinger and Knoll, 1995; Knoll et al., 1996) , the methane hypothesis (Kennedy et al., 2001; Jiang et al., 2003a Jiang et al., , 2006a , and the 'plumeworld' hypothesis (Shields, 2005) . Considering the range of δ 13 C values from 0‰ to − 5‰ documented from cap carbonates globally and the estimated short duration (b 1 million years), each of these hypotheses finds support from one or more lines of evidence. Disagreement about the origin of cap carbonates and their isotope signature will continue until more definitive evidence can be obtained. However, the recognition of a methane-derived isotope signature at multiple sections (Fig. 3) does provide additional support for the influence of methane in the Doushantuo cap carbonate.
More intriguing is the origin of δ 13 C anomalies in the middle and upper Doushantuo Formation (N2 and N3; Figs. 2 and 3) and their possible global equivalents (Fig. 7) . Given their larger magnitude and potentially longer duration, most of the existing models proposed for the cap carbonates are not applicable. One possible model involves the remineralization of a large oceanic dissolved organic carbon (DOC) reservoir that was possibly 10-100 times of the modern ocean (Rothman et al., 2003; Fike et al., 2006) , or 15,000 to 150,000 Gt of carbon. The presence of 13 C-depleted deep-water carbonates seems to support this hypothesis. However, what would have triggered the remineralization of the oceanic DOC reservoir and precipitation of 13 Cdepleted carbonates in shallow-water platforms?
One possibility is the increase of oxygen solubility in response to cold climate (Rothman et al., 2003) . While this may be applicable to the Sturtian and Marinoan ice ages, it is hard to explain the more profound negative δ 13 C anomalies after the end of Marinoan glaciation. Physical evidence for Gaskiers glaciation around 580 Ma ) is limited to Avalonia and eastern Laurentia, and only a thin and poorly developed cap carbonate with δ 13 C values down to − 5‰ is recognized in Newfoundland (Myrow and Kaufman, 1999) . Even if globally cooler temperatures are inferred during the Gaskiers glaciation, downward penetration of atmospheric oxygen, which is thought to have been rising during the Ediacaran (e.g., Derry et al., 1992; Kaufman et al., 1993; Kennedy et al., 2006; Kaufman et al., 2007) , might explain the general oxidation of the DOC pool, but it would not account for episodic alkalinity anomalies.
Physical stratigraphic and isotope data from South China and northern India provide another possibility. Based on our recognition that the N2 and N3 events represent times of shoreline regression, it is possible that enhanced weathering increased the sulfate supply to the oceans, triggering the remineralization of the oceanic DOC through sulfate reduction, and the ultimate transfer of 13 C-depleted carbon from the DOC reservoir to the relatively smaller surface ocean DIC (dissolved inorganic carbon) pool (Fig. 8B) . Enhanced sulfate reduction would have lowered the chemocline and facilitated downward oxygen penetration in the oceanic water column, leading to oxidation of the DOC reservoir and providing additional 13 C-depleted carbon to the ocean and atmosphere. In concert, if atmospheric O 2 were rising during this interval, silicate weathering reactions in exposed organic-rich soils might also have supplied 13 C-depleted alkalinity to marginal marine environments during regressive events (cf. Kaufman et al., 2007) .
In both cycles (Fig. 3) , negative δ 13 C anomalies reach their minimum values below a flooding surface and return to positive within a few meters above the flooding surface. In addition, the top of the negative δ 13 C anomalies is characterized by pyrite-rich, high TOC shales with unusually high DOP (degree of pyritization) and low δ 97/95 Mo values (Kendall et al., 2006) , suggesting that the top of a δ 13 C anomaly corresponds with a significant anoxic event. This is consistent with a rise of the chemocline and photic zone anoxia/euxinia during times of transgression, as well as upwelling of H 2 S from deep basins ( Fig. 8C ; cf. Kump et al., 2005) . Such anoxic events, if borne out by additional redox indicators, may be responsible for the extinction of the Doushantuo-Pertatataka acritarchs (Figs. 2 and 7A, B, and F) .
Carbon isotope anomalies may relate to the non-steady state dynamics of reactive DOC and DIC pools (Rothman et al., 2003) . When the DOC reservoir was large enough, a relatively smaller DIC reservoir was more vulnerable to isotope changes. In that case, decoupling of carbonate and organic carbon isotopes would be expected. Only after the excess oceanic DOC was largely remineralized/oxidized and the carbon cycle returned to steady state, would the coupling of δ 13 C carb and δ 13 C org occur. This prediction is consistent with recent documentation of decoupled δ 13-C carb and δ 13 C org records from the Ediacaran succession in Oman (Fike et al., 2006) . Although more thorough testing is needed, preliminary organic carbon isotopes reported from South China (Li et al., 1999a; Guo et al., 2006) support decoupled δ 13 C carb and δ 13 C org values in the Doushantuo Formation. Another prediction of the model is the potential spatial δ 13 C heterogeneity in Ediacaran basins. The depth of the chemocline, which separates the DIC-rich surface ocean from the DOC-rich deep ocean, may vary across sedimentary basins in the presence of a large DOC reservoir, leading to intra-and inter-basinal isotope variations.
Heterogeneity of the global Ediacaran δ 13 C record
Although strongly negative δ 13 C anomalies have been reported from most Ediacaran successions, existing data display considerable variability (Fig. 7) . The stratigraphic succession most similar to that of South China is the Infra Krol Formation and Krol Group from northern India ( Fig. 7B ; Jiang et al., 2003b; Kaufman et al., 2006) . Correlation can be hypothesized between the negative δ 13 C anomaly at the Doushantuo/Dengying boundary (N3) to the Krol C/Krol B transition and, with less confidence, the N2 anomaly to the middle Infra Krol Formation. However, the negative δ 13 C shift in the upper Krol D does not appear in the Dengying Formation.
Strongly negative δ 13 C values have also been reported from the Ediacaran Rainstorm Member of the Johnnie Formation and the Stirling Quartzite in eastern California of western U.S. (Fig. 7C ; Corsetti and Kaufman, 2003; Kaufman et al., 2007) . Carbonates in these two intervals are separated by a major unconformity and the rocks are predominantly siliciclastic. So it is uncertain whether the two stratigraphic levels represent one large δ 13 C anomaly (Le Guerroue et al., 2006) or two discrete anomalies (Corsetti and Kaufman, 2003) . If the latter suggestion is accepted, correlation of the two anomalies to South China would equate the Rainstorm Member excursion to the middle Doushantuo Formation (N2) and the Stirling excursion to the upper Doushantuo Formation (N3). Such a correlation, however, raises questions with respect to both the time span and significance of the negative δ 13 C anomaly from the Noonday Dolomite and the lower Johnnie Formation, where negative δ 13 C values encompass a 700-m-thick interval and two major sequence boundaries (Corsetti and Kaufman, 2005) . Alternatively, the Noonday dolomite may be a Sturtian 'cap carbonate', as suggested by the sequence stratigraphic correlation of incisions between the Rainstorm Member and Stirling Quartzite to the interval between the upper Caddy Canyon Quartzite and Mutual Formation in Utah and Idaho, where an Ar-Ar age of ∼ 580 Ma from volcanics of the Brown's Hole Formation suggests that much of the Mutual Formation (and therefore the Stirling Quartzite) is older than ∼ 580 Ma (Levy et al., 1994; Christie-Blick, 1997) . In this case, the Rainstorm level would be more likely correlative with the Doushantuo cap carbonate (N1; ∼ 635 Ma).
Similar correlation problems exist for the δ 13 C anomalies documented from the succession in Namibia (Fig. 7D) . In northern Namibia, negative δ 13 C values above the Ghaub glacial diamictite cover an 800-m-thick interval ) that has been interpreted as representing rapid infilling of accommodation created during glaciation (Hoffman et al., 1998; Hoffman and Schrag, 2002) . Negative but variable δ 13 C values have been reported from the Hutterberg Formation, which is inferred to predate the Gaskiers glaciation (∼580 Halverson et al., 2005) . However, equivalent strata from northeastern Namibia record a prominent positive δ 13 C anomaly (up to +12‰) in the Huttenberg Formation, values not recognized in coeval strata anywhere else, though common in strata older than Marinoan glacials (Kaufman et al., 1991) . In southern Namibia, negative δ 13 C values have been reported from (1) the post-glacial Buschmannsklippe Formation cap carbonate, (2) the top of the Dabis Formation, which predates 548.8 ± 1 Ma, and (3) the upper Zaris Formation, which postdates 548.8 ± 1 Ma (Kaufman et al., 1991; Saylor et al., 1998) . Lack of carbonate rocks in the lower Dabis Formation led to uncertainties on whether the negative δ 13 C values from the Buschmannsklippe and Dabis formations belong to a single anomaly (e.g., Saylor et al., 1998; Le Guerroue et al., 2006) or to two separate excursions (Fig. 7D) . Based on evidence for hiatuses (sequence boundaries) within the units, two discrete anomalies were deemed likely. Given available age data and a 87 Sr/ 86 Sr value of 0.7081 for the Buschmannsklippe (Kaufman et al., 1997) , it is possible that the cap level in southern Namibia may be equivalent to the basal Doushantuo cap, but the Dabis anomaly could equate with either N2 or N3 in the Doushantuo.
In successions from Oman ( Fig. 7E ; Amthor et al., 2003; Fike et al., 2006; Le Guerroue et al., 2006) and Australia ( Fig. 7F ; Christie-Blick et al., 1995; Calver, 2000; Grey, 2005) , negative δ 13 C values were reported from a stratigraphic interval of thickness N 1000 m and N500 m, respectively. The large magnitude (δ 13 C down to ≤− 12‰) and expanded thickness make them difficult to match any of the anomalies in south China and other successions. Both absolute δ 13 C values and lithologies of the Shuram and Wonoka formations are similar to those of the slope to basinal facies of the Doushantuo Formation in South China (Fig. 5 ). Either these negative δ 13 C values record bottom seawater signatures different from shallow water carbonates as discussed above, or they are of diagenetic origin.
With the incompleteness and discrepancy of δ 13 C anomalies from different successions (Fig. 7) , it seems premature to use the negative δ 13 C anomalies as time lines for Neoproterozoic stratigraphic correlation, or for blind dating in successions of unknown age. The different magnitudes of the Ediacaran δ 13 C anomalies (with a nadir varying from − 5‰ to ≤− 12‰; Fig. 7 ) also suggest that some of them must have been subject to significant regional/basinal overprints or diagenetic alteration.
Uncertainties related to the south China data
Although it is likely that the isotope data from south China represent so far the most complete δ 13 C record for the Ediacaran Period, uncertainties in correlating these negative anomalies globally, the broad δ 13 C-δ 18 O covariation in N2 and N3 (Figs. 2 and 3) , and more Fig. 9 . A comparison of existing δ 13 C profiles in the Yangtze Gorges area from previous studies (A-E) with the results produced in this study (F) . Inconsistencies between these profiles draw attention to the need for further evaluation of potential diagenetic overprints and/or stratigraphic completeness in the Doushantuo Formation.
importantly the inconsistency of δ 13 C data obtained from the Yangtze Gorges area in previous publications (Fig. 9) do not preclude the possibility of local δ 13 C departure from average seawater signature (cf. Patterson and Walter, 1994) or of substantial diagenetic alteration.
The inconsistency of δ 13 C profiles ( Fig. 9A-E ) may be due in part to insufficient sampling resolution, but positive δ 13 C values immediately below the black shale (a marker horizon across the basin) in some sections contrasts with the predominately negative δ 13 C values obtained in over a 50 meter interval in this study (Fig. 9F) . Another possible interpretation involves a hypothetical unconformity immediately below the black shale unit, with significant removal of the δ 13 C anomaly in some sections. However, the relatively conformable contact between the black shale and its underlying limestone (Fig. 10A) , the lack of direct evidence for erosion and karstification at the contact, and the overall deep-water facies (Fig. 3) do not favor a subaerial exposure and erosion. In addition, negative δ 13 C data obtained at this level in previous publications are mostly from concretions in black shales (Fig. 10B) or immediately below the shale/limestone contact. While it is possible that these concretions were formed early during burial, they cannot be direct precipitates from seawater. Similar uncertainties exist for the middle Doushantuo Formation. Negative to near zero δ 13 C values were reported in previous studies but no agreement can be drawn from available data. Because the existing profiles in South China were produced by different authors with varying sampling resolution and some sections also involve structural complexity, further evaluation of these sections is needed in order to clarify the significance of such inconsistencies in the Yangtze platform (and other successions globally).
Conclusions

Carbon isotope data obtained across the Ediacaran
Yangtze platform (∼ 635-542 Ma) reveal large δ 13 C variability between platform and slope-to-basinal sections. If the obtained δ 13 C values record a signature close to that of the primary seawater, the four negative δ 13 C anomalies at ∼ 635 Ma, ∼ 595 Ma, ∼551 Ma, and ∼ 542 Ma from platform sections represent so far the most complete and bestdated δ 13 C record for the Ediacaran Period that can be used as a reference for future studies. 2. Differences in the δ 13 C records between platform and slope-to-basinal sections may imply a strong (≥ 10‰) Ediacaran surface-to-deep ocean δ 13 C gradient most likely derived from sulfate reduction in anoxic deep oceans. Long-term deep ocean anoxia/euxinia may have existed, maintained by a large oceanic DOC reservoir. 3. Carbon isotope anomalies in platform carbonates may relate to the non-steady state dynamics of reactive DOC and DIC pools (Rothman et al., 2003) .
In the presence of a large DOC pool, a relatively smaller surface ocean DIC pool was more vulnerable to isotope change. Enhanced sulfate supply during regressive events may have triggered the remineralization of the oceanic DOC reservoir, followed by downward oxygen penetration and DOC oxidation, providing 13 C-depleted carbon source for the formation of negative δ 13 C anomalies. Shallowing of the chemocline and upwelling of hydrogen sulfide associated with transgression may have led to photic zone anoxia/euxinia at the end of each negative δ 13 C anomaly, which could be a cause for the extinction of Ediacaran acanthomorphic acritarchs. 
18
O values from these concretions are similar to those from the underlying laminated carbonates (Figs. 2-5 ).
4. A non-steady state Ediacaran carbon system may have led to spatial δ 13 C heterogeneity in response to interand intra-basinal chemocline instability, which needs further investigation. Uncertainties in correlating the negative δ 13 C anomalies from South China to other successions and inconsistent δ 13 C profiles reported from previous studies raise questions concerning local departures from the average seawater δ 13 C signature and the potential for diagenetic alteration in South China and in other successions globally.
